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Endemic marine species at remote oceanic islands provide opportunities to investigate the proposed correlation between range
size and dispersal ability. Because these species have restricted geographic ranges, it is assumed that they have limited dispersal
ability, which consequently would be reflected in high population genetic structure. To assess this relationship at a small scale
and to determine if it may be related to specific reef fish families, here we employ a phylogeographic survey of three endemic
Hawaiian damselfishes:Abudefduf abdominalis,Chromis ovalis, andChromis verater. Data frommitochondrialmarkers cytochrome
b and control region revealed low but significant genetic structure in all three species. Combining these results with data from a
previous study on Dascyllus albisella and Stegastes marginatus, all five endemic damselfish species surveyed to date show evidence
of genetic structure, in contrast with other widespread reef fish species that lack structure within theHawaiian Archipelago.Though
individual patterns of connectivity varied, these five species showed a trend of limited connectivity between the atolls and low-lying
Northwestern Hawaiian Islands versus the montane Main Hawaiian Islands, indicating that, at least for damselfishes, the protected
reefs of the uninhabited northwest will not replenish depleted reefs in the populated Main Hawaiian Islands.

1. Introduction

Due to an apparent lack of barriers in the ocean and the
potential for larvae to disperse long distances via ocean
currents, the previously long-held paradigm has been that
there is abundant connectivity and consequently little genetic
differentiation between populations of marine organisms
[1–3]. However, studies demonstrating self-recruitment and
local larval retention indicate that not all marine organisms
are exhibiting broad-scale larval dispersal [4–7]. In these
circumstances, research has shifted toward understanding
the factors mediating connectivity in marine systems and
whether there are general patterns related to phylogenetic
groups, pelagic larval duration, ecology, or behavior [8–11].
Nevertheless, generalizations have proven elusive.

Isolated oceanic islands provide an excellent opportunity
for investigating dispersal in marine organisms. Rates of
endemism are markedly high, and since endemic species are

usually the products of long periods of isolated local recruit-
ment and reproduction, they serve as model study organisms
for understanding dispersal [5]. The general assumption
has been that the constrained geographic range sizes of
endemic species reflect limited dispersal abilities [9, 12, 13],
yet retention-favorable traits are not common characteristics
of ocean island endemics [5, 14]. For instance, pelagic larval
duration (PLD) is a life history trait that provides an intuitive
gauge of dispersal, by the logic that more time spent in the
plankton results in greater dispersal and connectivity [15–17].
However, endemic reef fishes do not show a trend toward
shorter PLDs relative to widespread congeners, and some
studies have shown the opposite [9, 14, 18].

While no diagnostic life history traits related to
endemism have been identified, there is support for a positive
correlation between dispersal ability and range size [19, 20].
Eble et al. [21] sought to evaluate this relationship through a
phylogeographic comparison in the Hawaiian Archipelago
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of three surgeonfishes (family Acanthuridae) with different
geographic ranges. The Hawaiian endemic was predicted to
exhibit less genetic connectivity (more genetic structure)
than widespread members of the family. Results supported
this hypothesis, with the endemic species demonstrating
more, albeit weak, genetic structure than the two species with
broader geographic distributions. In the Galapagos Islands,
Bernardi et al. [22] surveyed reef fish species with varying
range sizes, and again the endemic species demonstrated less
genetic connectivity than species with broader distributions.
Likewise, in a meta-analysis of tropical reef fishes, the
relationship between range size and dispersal potential, as
inferred from PLD, was found to vary between oceans, with a
significant correlation demonstrated in the Indo-Pacific [20].
This relationship strengthened at higher taxonomic levels
and was significant in the damselfishes (Pomacentridae),
wrasses (Labridae), and butterflyfishes (Chaetodontidae),
indicating that phylogenetic affiliation is a component of this
relationship.

Here we assess genetic connectivity across the Hawaiian
Archipelago, which is one of the most isolated archipelagoes
in the world and has 25% endemism for shore fishes [23,
24]. The archipelago comprises eight Main Hawaiian Islands
(MHI), which are “high islands” of volcanic basaltic com-
position, and ten Northwestern Hawaiian Islands (NWHI),
which are mostly “low islands” with coral reefs and sand
banks overgrowing subsided basaltic foundations [25]. In this
study, we focused on three endemic Hawaiian damselfishes:
Abudefduf abdominalis, Chromis ovalis, and Chromis verater.
These three species have ranges that span the entire Hawaiian
Archipelago, and C. verater is also found at Johnston Atoll,
about 860 km south of Hawaii. Johnston Atoll is part of the
Hawaiian marine biogeographic province because its marine
fauna is predominantly Hawaiian [26]. Hence, species that
only occur in the Hawaiian Archipelago and Johnston Atoll
are still regarded as Hawaiian endemics.

Our study is preceded by a survey of two endemic Hawai-
ian damselfishes: Stegastes marginatus and Dascyllus albisella
[27]. Ramon et al. [27] analyzed the mitochondrial control
region (CR) and found genetic structure in both species,
in contrast to the majority of reef fishes surveyed across
Hawaii, which showno structurewithin the archipelago using
the mitochondrial marker cytochrome b (cytb) [28–31] (but
see [32]). Furthermore, one of our study species, C. verater,
was the subject of a separate study on connectivity between
shallow and mesophotic (>30m) reef habitats [33]. No ver-
tical (depth-related) structure was identified in this species,
but the Hawaiian Archipelago was significantly differentiated
from adjacent JohnstonAtoll (cytb:ΦST = 0.0679,𝑃 < 0.0001;
CR: ΦST = 0.1156, 𝑃 < 0.0001).

The three damselfishes surveyed for the current study
were chosen because they are abundant throughout the entire
archipelago and belong to the sister genera of Abudefduf and
Chromis [34]. This phylogenetic constraint should reduce
variable traits among species. There are a total of eight
endemic Hawaiian damselfishes, so utilizing results from the
previous studies, we are able to examine phylogeographic
patterns across five of these species. Given that two Hawai-
ian endemic damselfishes already show significant genetic

structure, we would predict genetic differentiation across the
ranges of A. abdominalis, C. ovalis, and C. verater as well,
providing more support for a correlation between range size
and dispersal ability. Additionally, this finding may indicate
that genetic differentiation is typical of endemic Hawaiian
damselfishes.

Results from our study also contribute to the conser-
vation of the Hawaiian Archipelago. The NWHI host the
Papahānaumokuākea Marine National Monument, one of
the largest marine protected areas in the world and the
largest in the US. The degree of connectivity between the
NWHI and the MHI is of particular interest to the man-
agement of marine resources in the archipelago. The vast
and uninhabited marine protected area (NWHI), adjacent
to a large community that depends on the sea for nutrition
(MHI), is postulated to have a spillover effect [35, 36]. Our
fine-scale sampling throughout the Hawaiian Islands can
illustrate whether the NWHI have the potential to subsidize
the overexploited reefs of the MHI.

2. Materials and Methods

2.1. Tissue Collection. Collections of 345 A. abdominalis, 412
C. ovalis, and 425 C. verater specimens (fin clips) were made
at 13–15 locations across theHawaiianArchipelago from 2009
to 2012 (Figure 1). Additional C. verater specimens were
collected at Johnston Atoll (𝑁 = 47). Collections were made
with pole spears or hand nets while snorkeling or SCUBA
diving.

2.2. DNA Extraction, Marker Amplification, and Sequencing.
Tissue specimens were preserved in salt-saturated water with
20% DMSO [37]. All of the protocols for DNA extraction,
marker amplification, and sequencing are identical to those
used in Tenggardjaja et al. [33]. Cytb and mitochondrial
CR sequences of C. verater generated for Tenggardjaja et
al. [33] were used in this study. Additionally, since the lab
work for the current study was conducted concurrently with
the study on A. abdominalis by Coleman et al. [38], cytb
sequences ofA. abdominaliswere shared between the authors.
Of these sequences, thirteen were identified as hybrids by
Coleman et al. [38] and were included in the current study
after determining that they did not bias mtDNA analyses.
Sequences were aligned using the Geneious aligner and
edited using GENEIOUS R6 (Biomatters, LTD, Auckland,
NZ). Alignments of cytb were unambiguous, while CR
contained multiple indels of 1-2 bp. Unique haplotypes for
each marker were identified in ARLEQUIN 3.5 [39] and were
uploaded to GenBank (KP183329–KP183902, KU842721–
KU843500).

2.3. Genetic Diversity and Population Structure Analyses.
Haplotype diversity (ℎ) and nucleotide diversity (𝜋) were
calculated in ARLEQUIN. Population structure was assessed
using analyses of molecular variances (AMOVAs) and pop-
ulation pairwise ΦST comparisons in ARLEQUIN. The ΦST
fixation index incorporates genetic distance and ranges from
0 to 1, with low values indicating a lack of genetic structure
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Figure 1: Map of collection locations in the Hawaiian Archipelago and Johnston Atoll forA. abdominalis, C. ovalis, and C. verater (photos left
to right). Specimens of all species were collected at each location with the exception ofMaro Reef and Johnston Atoll. NoC. verater specimens
were collected at Maro Reef, and only C. verater specimens were collected at Johnston Atoll. Yellow dots indicate collection locations, green
indicates high islands, and blue indicates low islands and shallow habitat. (Photo credit for A. abdominalis: Kim Tenggardjaja. Photo credit
for Chromis species: Keoki Stender, http://www.marinelifephotography.com/.)

and high values indicating genetic differentiation. Signifi-
cance of pairwiseΦST comparisons andAMOVAcalculations
was tested with 10,000 permutations, and to correct for
multiple comparisons, amodified false discovery ratemethod
was implemented [40]. We determined the best model of
sequence evolution for each marker in jMODELTEST 2 [41,
42]. Because themodels identified by the Akaike information
criterion were not available in ARLEQUIN, we selected the
Tamura-Nei model as it was the most similar [43]. For A.
abdominalis, populations at Gardner Pinnacles (𝑁 = 1) and
Nihoa (𝑁 = 1) were not included in most analyses due to
small sample sizes. However, these samples were included
in haplotype networks. Parsimony-based haplotype networks
for each marker were constructed in 𝑅 using haploNet in the
package Pegas 0.5–1 [44].Haplotype frequencies used in these
networks were calculated in ARLEQUIN.

To test for a signal of population expansion, Fu’s 𝐹
𝑠
test

for neutrality and mismatch distributions was calculated in
ARLEQUIN with 10,000 permutations [45, 46]. Significant
negative 𝐹

𝑠
values indicate an excess of rare haplotypes,

which can be a signal of selection or, more likely, recent
population expansion. For cytb data, we fitted the population
age parameter 𝜏 and pre- and postexpansion population size
parameters 𝜃

0
and 𝜃

1
to estimate the time to coalescence

[46, 47]. Time to coalescence was calculated with 𝜏 = 2𝜇𝑇,
where 𝑇 is the age of the population in generations and 𝜇

is the fragment mutation rate. Since the generation times
of A. abdominalis, C. ovalis, and C. verater are unknown,
we conditionally used a generation time of 3 years based on
estimates in the damselfishChromis chromis [48]. Amutation
rate of 2% per million years between lineages or 1% within
lineages for cytb was applied [49].

To avoidmaking a priori assumptions about the locations
of genetic barriers, we used the computational geometry
approach in BARRIER 2.2 [50] to visualize genetic barriers
in geographic space. Genetic barriers represent changes in
genetic composition between sample sites.The software iden-
tifies barriers with Voronoi tessellation and Delaunay trian-
gulation, implementing Monmonier’s maximum-difference
algorithm to compare a distance matrix (e.g., matrix of
pairwise population ΦST values) with a matrix of geographic
distances. A posteriori AMOVAs subsequently were per-
formed on population groupings identified by BARRIER.

Mantel tests were used to test for a correlation between
genetic distance and geographic distance. Mantel tests were
run in the vegan package in 𝑅 with 10,000 permutations,
using matrices of pairwise ΦST values and geographic dis-
tances as calculated by the Geographic Distance Matrix
Generator [51, 52]. Mantel tests were performed with matri-
ces that included negative ΦST and also with negative
values converted to zeroes. If AMOVAs detected signifi-
cant structure among groups comprised of more than one



4 Journal of Marine Biology

sample location, partial Mantel tests were run, incorpo-
rating a third dissimilarity matrix that took into account
the regional structure. Partial Mantel tests can help dis-
tinguish whether isolation by distance, or regional popula-
tion structure, accounts for more genetic variance in data
[53].

3. Results

A total of 670 bp of cytb was resolved for A. abdominalis,
660 bp for C. ovalis, and 719 bp for C. verater. For CR,
400 bp was resolved for A. abdominalis, 388 bp for C. ovalis,
and 394 bp for C. verater. Summary statistics for num-
ber of haplotypes (𝐻), haplotype diversity (ℎ), nucleotide
diversity (𝜋), and Fu’s 𝐹

𝑠
are provided in Table 1. For C.

ovalis and C. verater, overall haplotype diversity for cytb
was high with h = 0.9501 and 0.9077, respectively. Con-
versely, overall haplotype diversity for cytb in A. abdominalis
was lower with ℎ = 0.5865. For CR, overall haplotype
diversity approached saturation for all three species with
h = 0.9955–0.9997.

All three species had negative and significant Fu’s 𝐹
𝑠

values for both mtDNA markers at most sample locations
(Table 1). Summary Fu’s 𝐹

𝑠
values for both markers were

negative and significant for all species (cytb: 𝐹
𝑠
= −25.6820

to −29.8590, CR: 𝐹
𝑠
= −23.4009 to −23.7039). Unimodal

mismatch distributions in cytb did not indicate significant
deviation from a demographic expansion model for any of
the species. Based on a generation time of 3 years and a
mutation rate of 2% per million years (1% within lineages),
mismatch analyses indicated the coalescence times to be on
the order of 68,000 years for A. abdominalis, 249,000 years
for C. ovalis, and 163,000 years for C. verater (Table 2). Since
we used estimates for generation time and mutation rate
from other species, calculations for coalescence times are
approximations at best.

Overall estimates forΦST varied bymarker and by species
(Table 3). For A. abdominalis, ΦST based on cytb was not
significant (ΦST = 0.0063, 𝑃 = 0.0911), but CR yielded weak
yet significant genetic structure (ΦST = 0.0123, 𝑃 = 0.0034).
For C. ovalis, fixation indices for both markers showed weak
but significant structure (cytb: ΦST = 0.0121, 𝑃 = 0.0047; CR:
ΦST = 0.0059, 𝑃 = 0.0370). Chromis verater had the highest
significant ΦST values across the Hawaiian Archipelago and
Johnston Atoll (cytb: ΦST = 0.0232, 𝑃 < 0.0001; CR: ΦST
= 0.0363, 𝑃 < 0.0001). When analysis was limited to only
the Hawaiian Archipelago, the fixation indices for C. verater
dropped but remained significant (cytb: ΦST = 0.0093, 𝑃 =
0.0197; CR: ΦST = 0.0115, 𝑃 = 0.0087).

Pairwise ΦST comparisons revealed different patterns of
genetic structure among the sampling locations for each
species (Tables 4, 5, and 6). Abudefduf abdominalis had only
6 significant comparisons for cytb, but 19 were significant
for CR with 7 of those including comparisons with the
sampling location of Niihau, based on 𝑁 = 8. BARRIER
identified a genetic break between Necker and Niihau, and
a posteriori AMOVAs confirmed this as a significant break in

both markers (cytb: ΦCT = 0.0107, 𝑃 = 0.0044; CR: ΦCT =
0.0098, 𝑃 = 0.0123).

Chromis ovalis had 18 significant comparisons for cytb
and 13 for CR, with Pearl and Hermes included in 9
and 4 of these comparisons, respectively. Since most of
these comparisons involved populations east of Pearl and
Hermes, a posteriori AMOVAs simulating a genetic break
between Pearl and Hermes and adjacent Lisianski were
run, which detected weak yet significant structure for
both markers (cytb: ΦCT = 0.0121, 𝑃 = 0.0338; CR:
ΦCT = 0.0096, 𝑃 = 0.0287). AMOVAs did not support
any of the genetic breaks identified in BARRIER for this
species.

Chromis verater showed significant differentiation of
Johnston Atoll in most pairwise comparisons for cytb and
CR (Table 6). Within the Hawaiian Archipelago, the island
of Hawaii was significantly different in at least half of the
pairwise comparisons for C. verater (6 for cytb; 6 for CR).
BARRIER detected a genetic break between Johnston Atoll
and the Hawaiian Archipelago, which was supported by
moderate ΦST values (cytb: ΦST = 0.0679, 𝑃 < 0.0001; CR:
ΦST = 0.1156,𝑃 < 0.0001). Also,BARRIER identified a genetic
break betweenMaui and the island ofHawaii, and a posteriori
AMOVAs confirmed this as a significant break (cytb: ΦCT =
0.0211, 𝑃 = 0.0194; CR: ΦCT = 0.0352, 𝑃 = 0.0045).

In addition to examining patterns of genetic structure
among sampling locations, we compared the proportion of
significant population pairwise ΦST comparisons: (1) within
the NWHI, (2) within the MHI, and (3) between the NWHI
and the MHI. The greatest proportion of significant com-
parisons occurred between locations in the NWHI and MHI
(Table 7).

Parsimony-based haplotype networks for cytbwere dom-
inated by widely distributed common haplotypes (Figure 2).
The network for A. abdominalis, which had the lowest hap-
lotype diversity, was dominated by one common haplotype.
Chromis ovalis and C. verater, which had similarly high
haplotype diversities, hadmultiple commonhaplotypes in the
networks. In all species, the most common haplotypes were
present at nearly every sampling location. In contrast, the
networks for CR in all three species showed an abundance
of haplotypes observed in single individuals, as expected
with haplotype diversities ℎ > 0.9900 (Figure 3). While
there did not appear to be much geographic clustering of
haplotypes, the CR haplotype network for C. verater showed
some grouping of Johnston Atoll haplotypes, which supports
the genetic differentiation from the Hawaiian Archipelago
(Figure 3).

ForC. ovalis andC. verater, theMantel test for cytbdidnot
indicate isolation by distance, but A. abdominalis, the species
with the lowest overall population structure, had a significant
signal (𝑟2 = 0.5308, 𝑃 = 0.0003). Since AMOVAs with A.
abdominalis populations grouped into the NWHI and the
MHI were significant for both markers, a partial Mantel test
for cytb was run accounting for this regional structure. The
isolation by distance signal was weaker but still significant
(𝑟2 = 0.4685, 𝑃 = 0.0005). For CR, no Mantel tests or partial
Mantel tests were significant (data not shown).
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Table 1: Molecular diversity indices for A. abdominalis, C. ovalis, and C. verater. Number of individuals (𝑁), number of haplotypes (𝐻),
nucleotide diversity (𝜋), haplotype diversity (ℎ), and Fu’s 𝐹

𝑠
are listed for cytb and CR. 𝐹

𝑠
values in bold are significant (P < 0.05). For A.

abdominalis, populations at Gardner Pinnacles (𝑁 = 1) and Nihoa (𝑁 = 1) were not included in most analyses due to small sample sizes.

Sample location N H 𝜋 h Fu’s 𝐹
𝑠

cytb CR cytb CR cytb CR cytb CR
A. abdominalis
Hawaiian
Archipelago
Kure 33 7 27 0.0014 ± 0.0011 0.0358 ± 0.0183 0.5833 ± 0.0944 0.9867 ± 0.0111 −2.9312 −8.5606
Midway 48 7 40 0.0012 ± 0.0010 0.0380 ± 0.0192 0.5408 ± 0.0808 0.9920 ± 0.0061 −2.9243 −18.4921
Pearl and Hermes 29 7 27 0.0010 ± 0.0009 0.0335 ± 0.0173 0.5222 ± 0.1084 0.9951 ± 0.0106 −4.3629 −13.3511
Lisianski 16 6 15 0.0011 ± 0.0010 0.0333 ± 0.0177 0.5417 ± 0.1472 0.9917 ± 0.0254 −3.6160 −4.5074
Laysan 32 12 27 0.0018 ± 0.0013 0.0351 ± 0.0180 0.7157 ± 0.0859 0.9839 ± 0.0144 −8.7456 −9.5195
Maro Reef 30 11 25 0.0019 ± 0.0014 0.0347 ± 0.0179 0.7448 ± 0.0821 0.9862 ± 0.0129 −6.9081 −7.9587
French Frigate
Shoals 29 11 28 0.0012 ± 0.0010 0.0335 ± 0.0173 0.6207 ± 0.1055 0.9975 ± 0.0099 −10.2882 −16.0317

Necker 20 7 20 0.0015 ± 0.0011 0.0345 ± 0.0181 0.6421 ± 0.1176 1.0000 ± 0.0158 −3.6691 −9.9856
Niihau 8 3 8 0.0007 ± 0.0008 0.0248 ± 0.0145 0.4643 ± 0.2000 1.0000 ± 0.0625 −0.9990 −2.2287
Kauai 25 6 25 0.0010 ± 0.0009 0.0393 ± 0.0202 0.4267 ± 0.1216 1.0000 ± 0.0113 −3.3803 −13.4872
Oahu 28 8 27 0.0015 ± 0.0011 0.0337 ± 0.0174 0.5423 ± 0.1117 0.9974 ± 0.0104 −4.2214 −14.9033
Maui 28 10 24 0.0013 ± 0.0010 0.0290 ± 0.0151 0.6349 ± 0.1043 0.9868 ± 0.0141 −8.3239 −9.5825
Island of Hawaii 19 6 17 0.0012 ± 0.0010 0.0343 ± 0.0180 0.5380 ± 0.1330 0.9883 ± 0.0210 −2.9396 −4.6294
All of Hawaiian
Archipelago 345 44 235 0.0013 ± 0.0010 0.0343 ± 0.0171 0.5865 ± 0.0318 0.9955 ± 0.0009 −29.8590 −23.7039

C. ovalis
Hawaiian
Archipelago
Kure 29 22 29 0.0046 ± 0.0028 0.0780 ± 0.0391 0.9778 ± 0.0153 1.0000 ± 0.0091 −20.4731 −10.9002
Midway 38 27 38 0.0050 ± 0.0029 0.0679 ± 0.0339 0.9659 ± 0.0177 1.0000 ± 0.0060 −25.2805 −19.8388
Pearl and Hermes 37 20 36 0.0049 ± 0.0029 0.0701 ± 0.0349 0.9459 ± 0.0182 0.9985 ± 0.0067 −11.9549 −15.0322
Lisianski 4 3 4 0.0028 ± 0.0024 0.0526 ± 0.0355 0.8333 ± 0.2224 1.0000 ± 0.1768 0.0062 1.0580

Laysan 33 19 33 0.0040 ± 0.0024 0.0691 ± 0.0346 0.9015 ± 0.0432 1.0000 ± 0.0075 −13.6652 −15.1002
Maro Reef 28 18 28 0.0054 ± 0.0032 0.0717 ± 0.0361 0.9550 ± 0.0237 1.0000 ± 0.0095 −10.4982 −10.8746
Gardner Pinnacles 15 13 15 0.0057 ± 0.0034 0.0756 ± 0.0393 0.9714 ± 0.0389 1.0000 ± 0.0243 −8.3469 −3.2110

French Frigate
Shoals 31 19 31 0.0048 ± 0.0029 0.0691 ± 0.0347 0.9613 ± 0.0191 1.0000 ± 0.0082 −12.3126 −13.5519

Necker 29 21 29 0.0054 ± 0.0031 0.0689 ± 0.0347 0.9286 ± 0.0418 1.0000 ± 0.0091 −16.0795 −12.0406
Nihoa 28 21 28 0.0043 ± 0.0026 0.0748 ± 0.0376 0.9418 ± 0.0371 1.0000 ± 0.0095 −19.6826 −10.5918
Niihau 20 16 19 0.0045 ± 0.0027 0.0665 ± 0.0340 0.9474 ± 0.0435 0.9947 ± 0.0178 −12.9546 −4.1037
Kauai 29 17 29 0.0043 ± 0.0026 0.0724 ± 0.0363 0.9360 ± 0.0284 1.0000 ± 0.0091 −10.6489 −11.4865
Oahu 31 19 31 0.0048 ± 0.0028 0.0755 ± 0.0378 0.9462 ± 0.0253 1.0000 ± 0.0082 −12.3276 −12.4146
Maui 29 21 28 0.0050 ± 0.0029 0.0719 ± 0.0361 0.9729 ± 0.0173 0.9975 ± 0.0099 −17.0340 −8.8047
Island of Hawaii 31 23 31 0.0053 ± 0.0031 0.0667 ± 0.0335 0.9699 ± 0.0197 1.0000 ± 0.0082 −19.5568 −13.8980
All of Hawaiian
Archipelago 412 144 387 0.0049 ± 0.0028 0.0681 ± 0.0331 0.9501 ± 0.0069 0.9997 ± 0.0002 −25.6820 −23.4292

C. verater
Hawaiian
Archipelago
Kure 6 6 6 0.0026 ± 0.0020 0.0683 ± 0.0405 1.0000 ± 0.0962 1.0000 ± 0.0962 −4.5527 0.3120

Midway 36 20 36 0.0035 ± 0.0021 0.0760 ± 0.0378 0.9190 ± 0.0322 1.0000 ± 0.0065 −15.3135 −12.9842
Pearl and Hermes 43 21 41 0.0032 ± 0.0020 0.0817 ± 0.0404 0.9313 ± 0.0220 0.9978 ± 0.0056 −16.1515 −12.6525
Lisianski 5 4 5 0.0022 ± 0.0018 0.0688 ± 0.0428 0.9000 ± 0.1610 1.0000 ± 0.1265 −1.4048 0.8051
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Table 1: Continued.

Sample location N H 𝜋 h Fu’s 𝐹
𝑠

cytb CR cytb CR cytb CR cytb CR
Laysan 16 11 16 0.0029 ± 0.0019 0.0783 ± 0.0405 0.9083 ± 0.0633 1.0000 ± 0.0221 −7.3192 −1.7070

Gardner Pinnacles 12 6 12 0.0021 ± 0.0015 0.0855 ± 0.0452 0.8182 ± 0.0840 1.0000 ± 0.0340 −2.0878 −0.0851

French Frigate
Shoals 39 18 38 0.0027 ± 0.0018 0.0823 ± 0.0408 0.8920 ± 0.0306 0.9987 ± 0.0062 −13.6020 −14.4092

Nihoa 36 20 36 0.0036 ± 0.0022 0.0827 ± 0.0411 0.9413 ± 0.0229 1.0000 ± 0.0065 −14.7456 −15.1230
Niihau 67 34 62 0.0038 ± 0.0023 0.0822 ± 0.0403 0.9439 ± 0.0164 0.9973 ± 0.0033 −26.6171 −24.0938
Kauai 30 21 27 0.0035 ± 0.0022 0.0797 ± 0.0399 0.9494 ± 0.0276 0.9931 ± 0.0105 −19.9573 −3.6324
Oahu 72 31 68 0.0029 ± 0.0018 0.0828 ± 0.0405 0.8901 ± 0.0279 0.9984 ± 0.0026 −27.2002 −24.0863
Maui 33 17 31 0.0031 ± 0.0019 0.0797 ± 0.0397 0.9072 ± 0.0365 0.9962 ± 0.0086 −11.9743 −8.1731
Island of Hawaii 30 14 30 0.0028 ± 0.0018 0.0818 ± 0.0409 0.8851 ± 0.0425 1.0000 ± 0.0086 −8.3701 −11.0474
All of Hawaiian
Archipelago 425 104 392 0.0032 ± 0.0020 0.0786 ± 0.0380 0.9152 ± 0.0083 0.9996 ± 0.0002 −26.4923 −23.4322

Johnston Atoll
Johnston Atoll 47 11 39 0.0025 ± 0.0016 0.0598 ± 0.0298 0.6920 ± 0.0666 0.9880 ± 0.0082 −3.4506 −11.1614
Johnston Atoll and
Hawaiian
Archipelago

472 109 431 0.0032 ± 0.0019 0.0782 ± 0.0378 0.9077 ± 0.0089 0.9995 ± 0.0002 −26.4557 −23.4009

Table 2: Estimates of 𝜏, pre and post-expansion theta (𝜃
0
and 𝜃

1
), and coalescence time in years (95% confidence limit of 𝜏) forA. abdominalis,

C. ovalis, and C. verater.

Species 𝜏 𝜃
0

𝜃
1

Coalescence time (years ago)
A. abdominalis 0.918 0 15.716 68,507 (15,746–127,537)
C. ovalis 3.297 0.035 154.375 249,773 (165,152–295,909)
C. verater 2.355 0.011 99999 163,769 (143,394–188,943)

4. Discussion

In accordance with the expected relationship between disper-
sal ability and range size, the Hawaiian endemic damselfishes
A. abdominalis, C. ovalis, and C. verater all demonstrated
evidence of genetic differentiation. Although the species
differed in terms of the specific patterns of connectivity
among locations, in general, there was a trend toward
more genetic structure between locations in the NWHI and
the MHI, which has implications for the management of
marine resources in the Hawaiian Archipelago. Additionally,
the genetic breaks exhibited by each species were concor-
dant with previously identified barriers to dispersal in the
archipelago [32], providing guidance in defining ecosystem-
based management units.

4.1. Population Structure of Hawaiian Endemic Damselfishes.
Our genetic survey based onmitochondrial markers cytb and
CR revealed that these three endemic damselfishes exhibited
low but significant population structure within their ranges.
Very few migrants per generation are necessary to prevent
genetic differentiation between populations [54], so even
weak genetic structure that is statistically significant indicates
some restriction to gene flow [55]. For each species in this
study, globalΦST values were significant within the Hawaiian
Archipelago, and each species exhibited multiple significant

pairwise ΦST comparisons for both markers. Of the eight
endemic Hawaiian damselfishes, the only other species sub-
ject to genetic surveys are D. albisella and S. marginatus [27].
Similar to our results, both of these species had multiple
significant pairwise ΦST comparisons for the mitochondrial
control region. Combining results for those two species with
results from the current study, all five endemic damselfishes
exhibit significant genetic structure, supporting the hypoth-
esis that the restricted ranges of endemic species are coupled
with lower dispersal ability. Without data on the three
remaining species Chromis hanui, Chromis struhsakeri, and
Plectroglyphidodon sindonis, we cannot definitively conclude
that all Hawaiian endemic damselfish species demonstrate
population subdivision over their range, but so far all results
support this trend.

4.2. Anomalies in A. abdominalis. The cytb results for A.
abdominalis produced several differences from those of C.
ovalis and C. verater: (1) a significant isolation by distance
signal, (2) one common haplotype dominating the haplotype
network, and (3) lower haplotype diversity. The high muta-
tion rate and higher diversity of the CR may have masked
these characteristics in the CR data. While A. abdominalis,
C. ovalis, and C. verater share similar life history traits, such
as spawning seasonality, feeding behavior, and egg type, they
differ in PLD.The PLD for A. abdominalis is 17-18 days, while
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Figure 2: Parsimony-based haplotype networks using cytb sequence data for (a) A. abdominalis, (b) C. ovalis, and (c) C. verater. Each circle
represents a haplotype and is proportional to the frequency of that haplotype. Length of branches is proportional to number of mutations.
Networks are color-coded by sampling location and are not scaled relative to each other.

the PLDs for C. ovalis and C. verater are estimated to be
30 days and as long as 3 months, respectively [13, 56]. The
isolation by distance signal for A. abdominalis may result
from a shorter PLD and thus lower dispersal [17], yet the
relationship between PLD and dispersal distance remains
controversial [57–59]. One notable result from our data sets
is a rank order wherein the species with the longest PLD (C.
verater) has the most population structure and the species
with the shortest PLD (A. abdominalis) has the least structure,
contrary to expectations.

In addition to PLD, the depth ranges for the Chromis
species (5–199m) differ from that ofA. abdominalis (1–50m).
Sea level fluctuations during the Pleistocene reduced coastal
habitat in the Hawaiian Archipelago by 75%, likely fragment-
ing populations of many shallow-water marine species [60].
Chromis ovalis and C. verater may have retreated to refugia

in the deeper parts of their depth range, whileA. abdominalis
may have been more susceptible to these changes in sea level
[61]. As observed in other marine taxa [60], the refugia pop-
ulations of the Chromis species may have become genetically
differentiated over time and subsequently reestablished con-
nectivity once sea levels rose, resulting in haplotype networks
comprised of several common haplotypes. Conversely, in A.
abdominalis, the network is dominated by a single haplotype,
and its lower haplotype diversity may reflect a population
bottleneck following sea level change and subsequent pop-
ulation expansion, a pattern found in multiple marine taxa
[60]. Significant negative Fu’s 𝐹

𝑠
values, unimodal mismatch

distributions, and shallow coalescence times reinforce that all
three species have experienced recent population expansions,
possibly as a result of past fluctuations in climate and sea
level.
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Figure 3: Parsimony-based haplotype networks using CR sequence data for (a) A. abdominalis, (b) C. ovalis, and (c) C. verater. Each circle
represents a haplotype and is proportional to the frequency of that haplotype. Length of branches is proportional to number of mutations.
Networks are color-coded by sampling location and are not scaled relative to each other.

4.3. Phylogeographic Patterns of Hawaiian Endemic Reef
Fishes. Since multiple genetic surveys exist for endemic
Hawaiian reef fishes, we can compare results to investigate the
relationship between range size and dispersal ability. Lester
and Ruttenberg [20] found a correlation between PLD and
range size for certain reef fish families but not for others.
The current study demonstrates that most Hawaiian endemic
species in the Pomacentridae exhibit genetic structure. The
Hawaiian grouper, Hyporthodus quernus, is the only mem-
ber of Serranidae endemic to the Hawaiian Archipelago
and Johnston Atoll. Population pairwise comparisons for
CR and nuclear microsatellite markers demonstrated low

but significant structure within the Hawaiian Islands [62].
In contrast, the widespread grouper Cephalopholis argus
showed no population structure from the central Pacific
(Line Islands) to northeastern Australia, a distance of about
8000 km [63]. In the surgeonfishes (Acanthuridae), the
Hawaiian endemic Ctenochaetus strigosus exhibited low to
moderate genetic structure in population pairwise compar-
isons for cytb [21]. The surgeonfish Zebrasoma flavescens,
which occurs across the NW Pacific but is most abundant in
the Hawaiian Archipelago, shows multiple population breaks
within the archipelago [64]. In the same family, Acanthurus
nigroris, which was reclassified as a Hawaiian endemic [65],
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showed low yet significant population structure in pairwise
comparisons and a significant global ΦST value across its
range, driven by the Johnston Atoll specimens [30]. In the
wrasses (Labridae), Halichoeres ornatissimus only exhibited
significant genetic differentiation in pairwise comparisons
with Johnston Atoll and, otherwise, did not show signifi-
cant structure within the Hawaiian Islands [66]. Hawaiian
endemic butterflyfishes (Chaetodontidae) also lacked popu-
lation structure, with cytb data revealing no genetic structure
for Chaetodon fremblii, Chaetodon miliaris, or Chaetodon
multicinctus [28]. Though some Hawaiian (or North Pacific)
endemics show structure and others do not, this should
be interpreted against findings for widespread Indo-Pacific
fishes that occur in Hawaii, which almost uniformly show a
lack of population structure across this archipelago [29, 31,
67–71].

Besides the Pomacentridae, genetic surveys of Hawaiian
endemics are only available for one to three species within
other reef fish families, making it difficult to draw robust
conclusions regarding whether taxonomic family is a good
predictor of the relationship between range size and dispersal
ability. Superficially, there appears to be a trend in the families
that have genetic data for more than one Hawaiian endemic
species. Genetic structure is observed in five endemic dam-
selfishes and in three surgeonfishes, though structure in A.
nigroris is inconsistent. The three endemic butterflyfishes
lacked genetic structure, but surveys of other butterflyfishes
indicate that extensive dispersal is a feature of these taxa [72–
76]. Additional genetic surveys of Hawaiian endemic reef
fishes would provide interesting perspective onwhether there
is consistency in the relationship between range size and
dispersal ability at the taxonomic family level.

4.4. Connectivity between the NWHI and the MHI and
Concordant Genetic Breaks in the Hawaiian Archipelago.
While individual patterns of genetic connectivity among
sampling locations varied by species, our study found that
that there wasmore genetic structure between theNWHI and
the MHI than within either region (Table 7). Additionally,
AMOVAs for A. abdominalis exhibited a significant genetic
break between these two regions (Table 3). Results for D.
albisella and S. marginatus also supported this trend with
57% and 50% of respective significant pairwise comparisons
occurring between the NWHI and the MHI [27]. Though
A. abdominalis, C. ovalis, and C. verater demonstrated weak
genetic structure, there is a clear signal of isolation between
these two regions. Since these species are only found in
the Hawaiian Islands and Johnston Atoll, management plans
should take into account spatial patterns of connectivity
exhibited by endemic species, in order to preserve the unique
biodiversity within this region.

Multispecies genetic surveys are useful for implementing
ecosystem-based management and highlighting potential
management units [77, 78]. This study detected several
significant genetic breaks in the archipelago: (1) between the
NWHI and the MHI (A. abdominalis), (2) east of Pearl and
Hermes (C. ovalis), and (3) between Maui and the island of
Hawaii (C. verater). These breaks are consistent with three

previously identified barriers in the Hawaiian Archipelago.
Toonen et al. [32] compared genetic surveys of 27 taxo-
nomically diverse species on Hawaiian coral reefs and found
four concordant barriers to dispersal, based primarily on reef
invertebrates. Agreement between those breaks and the ones
in our study contributes to the proposal that these barriers
delineate potential zones of resourcemanagement.Moreover,
the consistency in genetic breaks across different taxonomic
groups reinforces the conclusion that abiotic factors play a
role in limiting connectivity within the archipelago.

5. Conclusions

Based on the results from this study and Ramon et al. [27],
the five Hawaiian endemic damselfishes surveyed to date
exhibit genetic structure across their ranges. This finding
supports a relationship between range size and dispersal
ability. However, this would be more strongly supported if
widespread damselfish species demonstrated lower genetic
structure across the same geographic range as the endemic
species. Our review of genetic surveys of Hawaiian endemic
reef fishes indicates that the presence of genetic structure
in endemic species may be specific to particular taxonomic
families. Genetic data on widespread damselfish species
in the Hawaiian Archipelago would be useful in teasing
apart this trend from the possibility that the life history
traits of damselfishes simply predispose them to showing
genetic structure [79]. (However, some studies already have
demonstrated a lack of structure in damselfish species [22, 78,
80].) Since our studywas limited to theHawaiianArchipelago
and Johnston Atoll, it is difficult to extend our conclusions
to other archipelagos, as place-specific abiotic factors (e.g.,
oceanography, geologic history) undoubtedly contribute to
restricting the dispersal of endemic species.

Our results on the Hawaiian endemics A. abdominalis, C.
ovalis, and C. verater not only reinforce previously identified
genetic breaks in theHawaiianArchipelago, but also illustrate
a general trend in connectivity in endemic Hawaiian reef
fishes. The preservation of marine biodiversity inherently
calls for a better understanding of connectivity patterns in
endemic species. The genetic structure between locations
in the NWHI and the MHI in our study species and in
Ramon et al. [27] indicates that the protected status of the
Papahānaumokuākea Marine National Monument may not
result in replenishment of depleted reef resources in theMHI.
Therefore, taking measures to ensure connectivity between
protected areas in the MHI will aid in maintaining the
biodiversity unique to this archipelago.
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